Abstract. Collision-induced dissociation (CID) of m/z-isolated w type fragment ions and an intact 5′ phosphorylated DNA oligonucleotide generated rearranged product ions. Of the 21 studied w ions of various nucleotide sequences, fragment ion sizes, and charge states, 18 (~86%) generated rearranged product ions upon CID in a Synapt G2-S HDMS (Waters Corporation, Manchester, England, UK) ion mobility-mass spectrometer. Mass spectrometry (MS), ion mobility spectrometry (IMS), and theoretical modeling data suggest that purine bases can attack the free 5′ phosphate group in w type ions and 5′ phosphorylated DNA to generate sequence permuted [phosphopurine] -fragment ions. We propose and discuss a potential mechanism for generation of rearranged [phosphopurine] -and complementary y-B type product ions.
Introduction
T he emergence of commercially available electrospray ionization (ESI) sources and high resolving power mass spectrometers has allowed for routine sequencing of oligonucleotides via mass spectrometry (MS) based techniques [1] . Similar to MS sequencing of peptides and proteins [2] , to sequence oligonucleotides, precursor molecular ions are generally first isolated and then fragmented using gas-phase dissociation techniques (e.g., CID [3, 4] , infrared multiphoton dissociation (IRMPD) [5, 6] , electron capture dissociation (ECD) [5] , etc.). The resulting product fragment ion mass spectra are then analyzed and interpreted to determine the original nucleotide sequences [7] [8] [9] [10] [11] .
A potential drawback of oligonucleotide sequencing by tandem MS (MS n ) techniques is the data analysis challenges associated with generation of complex mass spectra composed of fragment ions from the 3′ and 5′ ends, internal fragments (generated from sequential fragmentation), and base losses [7] .
Although CID of oligonucleotides predominately generates a-B and w type fragment ions (nomenclature of McLuckey et al. [3] ), generation of unidentifiable product ions and alternative fragmentation pathways (in CID and other fragmentation techniques) have also been reported [12] [13] [14] [15] . For example, Juhasz et al. reported generation of six unusual/unidentifiable high intensity product ion peaks from the DNA oligonucleotide, CAC ACG CCA GT [12] ; these authors purported that the presence of unidentifiable fragment ions may make MS based de novo sequencing of some oligonucleotides impractical [12] . Likewise, Nyakas et al. recently described an unusual fragmentation pathway involving loss of internal [PO 3 ]
-through formation of a cyclic intermediate in CID of highly charged DNA oligonucleotides [15] .
Because of their potential impact on Btop-down^proteo-mics [16, 17] and high throughput biomolecule sequencing, amino acid Bsequence-scrambling^and ion rearrangements in the gas phase have drawn much attention [18] [19] [20] . Sequencescrambling in peptides and proteins are believed to occur through macrocyclization and subsequent reopening at internal amide bonds to generate product ions with rearranged amino acid sequences [21] . Though the impact of rearrangements on sequence coverage of peptides in amino acid sequencing is uncertain [22, 23] , positive identification of permuted fragment ions and mechanistic understandings of their generation could help improve sequencing algorithms. Despite the number of investigations focused on rearrangement pathways of peptide ions, there has been a paucity of examples addressing unusual fragmentation of oligonucleotide ions.
We hypothesized that similar to CID of peptide fragment ions [18] [19] [20] [21] , CID of DNA fragment ions could also result in generation of secondary fragment ions with rearranged atomic structures (relative to precursor ion structures). For this study, we chose to focus on CID of w type fragment ions for two reasons: (1) w type ions (along with a-B type ions) are the most commonly observed fragment ions in CID of DNA ions [3] and are, thus, often used for sequencing [7] [8] [9] [10] [11] ; (2) w type ions retain all of the bases in the precursor ion series (unlike a-B type ions, which lack nucleobases at various positions [3] ).
In this manuscript, we report the first experimental evidence for generation of rearranged fragment ions during CID of isolated w type oligonucleotide ions and 5′ phosphorylated DNA. We performed CID on 21 [w n ]
z-(where n = 1-8 and z = 1-3) fragment ions from three different DNA oligonucleotides. Of the 21 studied w type fragments,~86% showed evidence for subsequence rearrangement upon CID. We also compared our results to CID of a 5′ phosphorylated DNA oligonucleotide, which showed similar results.
Experimental

Sample Preparation
Imidazole and angiotensin II antipeptide (amino acid sequence: EGVYVHPV; used as a lock mass) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optima grade methanol and water were purchased from Fisher Scientific (Pittsburgh, PA, USA (Coralville, IA,  USA) . Oligo-1, 3, and 4 were chosen based on their small sizes (i.e., ≤20 nucleotides), presence of all four normally occurring DNA bases (i.e., A, G, T, and C) in their sequences, and occurrence of different, nonrepeating nucleotide sequences. Oligo-2 was custom-synthesized to be homologous with the sequence of the [w 5 ]
z-[where Bz^denotes the charge state(s)] fragment ions from Oligo-1. Micromolar concentrations of oligonucleotides were prepared in a spray solvent containing 1.0 mM imidazole in a 1:1 mixture of water:methanol. All chemicals and analytes were used Bas is^without any additional purification or modification.
Instrumentation
Ion Mobility-Mass Spectrometry IM-MS experiments were performed using a Synapt G2-S HDMS ion mobility-mass spectrometer (Waters Corporation, Manchester, England, UK) operated in negative-ion mode ESI. The time-of-flight (TOF) mass analyzer was operated either in high resolution mode (i.e., BW^mode for IM experiments in Figure 3 and to distinguish between potential isobaric species) or sensitivity mode (i.e., BV^mode for all other experiments to detect low abundance ions). The experimental scan time for data acquisition was set at 1 s.
Sample flow rate was set at 5 μL/min (Figure 3 ) or 1.5 μL/ min (Figures 1 and 2 , and Tables 1 and 2 ) using a Harvard Pump 11 Plus dual syringe pump (Harvard Apparatus, Holliston, MA, USA). Ion source temperature was set at 100°C and its voltage was set at -3.0 kV for all IM-MS experiments. The software-defined sampling cone voltage was set at -150.0 V (Figures 1a and 2 , and Tables 1 and 2 ), -35.0 V (Figure 1b) , or -120.0 V (Figure 3 ). The ion source offset voltage was set at -35.0 V (Figure 1b -3 bar (N 2 flow rate of 90.0 mL/min). Helium gas (used for collisional cooling prior to IM [25] ) pressure in the helium cell was~1.4 bar (helium gas flow rate of 180 mL/min). Argon gas pressures in the trap and transfer cells were both kept at~2.4 × 10 -5 bar (argon gas flow rate of 2.0 mL/min). All gas pressures are reported as direct instrument readouts and have not been corrected for geometry [26, 27] or sensitivity factors [28] .
Ion Trap Mass Spectrometry A linear trap quadrupole (LTQ) Orbitrap MS (Thermo Fisher Scientific, Waltham, MA, USA) operated in negative-ion mode ESI was used to collect the MS n data in Figure 4 and Supplementary Figure S2 in Supporting Information. Mass resolving power (M/ΔM 50% ) of the Orbitrap MS was set to the highest resolving power for the instrument (i.e.,~30,000 at m/z 400). Sample flow rate was set to 20 μL/ min. The sheath and auxiliary gas (N 2 ) flow rates were set to 60 and 5 AU, respectively. The source, capillary, and tube lens voltages were optimized to -5.0 kV, -42.0 V, and -133.7 V, respectively. The metal capillary temperature was set to 275°C. The entire isotopic distribution of the ions of interest were isolated and fragmented in the LTQ at normalized collision energies [29] of 30% ( Figure 4 ) or 20% (Supplementary Figure  S2) . Wideband excitation [29] was turned off to minimize reactivation of fragment ions. Helium gas was used as the collision gas for CID (partial pressure of~1.3 × 10 -8 bar). Owing to low abundance of y-B type ions from Oligo-2, sufficiently high sample concentration (100 μM) was used to collect the data displayed in Figure 4 . Singly-and doublydeprotonated angiotensin II antipeptide ions (m/z 897 and 448, respectively) were used as lock masses for all LTQ Orbitrap experiments.
Data Analysis
IM-MS data were analyzed using MassLynx software (ver. 4.1) (Waters Corporation, Manchester, England, UK). To obtain signal-to-noise ratios of >3 for all ions of interest, acquired IM-MS spectra were averaged for 5 min (Figure 1 and Tables 1  and 2 ), 10 min (Figure 2 ), or 20 min (Figure 3 ). IM profiles displayed in Figure 3 correspond to the centroid m/z ± 0.02 Th, extracted from the associated mass spectra.
LTQ Orbitrap MS data were analyzed using Xcalibur (ver. 2.2) (Thermo Fisher Scientific, Waltham, MA, USA). The data in Figure 4 and Supplementary Figure S2 correspond to the average of 50 and 150 scans, respectively, which provided signal-to-noise ratios of >3 for all ions of interest. Mass measurement error (MME) for all ions identified using the LTQ Orbitrap were ≤ 2 ppm.
Fragment ions corresponding to Btypical^losses were identified using Mongo Oligo Mass Calculator (ver. 2.06) [30] . All fragment ion assignments were based on the nomenclature of McLuckey et al. [3] . Unless otherwise indicated (viz., figure caption for Figure 1a ), fragment ion identities were assigned with respect to the original oligonucleotide's sequence.
Theoretical Calculations
Theoretical calculations were performed using density functional theory (DFT) at B3LYP/6-31G(d) level of theory and basis set [31] with Gaussian 09 suite of programs (Gaussian Inc., Wallingford, CT, USA) [32] . Thermochemical data are reported as thermally corrected changes in Gibbs free energies at 298 K (ΔG 298 ) and are expressed in kcal/mol.
Results and Discussion
Fragment Ion Rearrangements in CID of w Type and Intact 5′ Phosphorylated Oligonucleotide Ions Figure 1a shows the MS n CID mass spectrum of m/z-isolated
2-(m/z 802) generated from in-source CID of Oligo-1 in a Synapt G2-S HDMS system. Under our experimental conditions, CID of [w 5 ]
2-generated two unusual product ions at m/z 214 and 230 (denoted in bold-red font, Figure 1a ) which could not be assigned to a known fragment ion type using conventional nomenclature or fragmentation mechanisms. 2-(denoted in bold-red font, Figure 1a ). Numerous investigations of peptide ion scrambling indicate that fragment ions (e.g., b-type ions; Roepstorff and Fohlman's nomenclature [33] ) generated during CID of peptide ions are themselves rearranged, and that the evidence of such rearrangements (i.e., Bscrambled^fragment ions) can be observed upon subsequent fragmentation [27, [34] [35] [36] [37] [38] [39] ) could be produced from CID of intact 5′ phosphorylated DNA, we performed an analogous experiment to that presented in Figure 1a on a 5′ phosphorylated oligonucleotide (i.e., Oligo-2) with the same sequence as the last five nucleotides of Oligo-1 (i.e., p-GTA GA). Figure 1a and b) were present in both mass spectra, and with comparable fragment ion relative abundances. Although we cannot eliminate the possibility that Oligo-2 cyclizes/rearranges prior to fragmentation (e.g., during the ionization process), results in Figure  1b show that the observed [phosphopurines]
-can be generated from the originally linear structures. Therefore, it is likely that isolated [w 5 ] 2- (Figure 1a ) is also a linear structure (i.e., not cyclized). This is especially important for sequencing efforts as rearranged w type ions could undermine the validity of MS-based DNA sequencing. -(m/z 230) also generated a high intensity peak for [PO 3 ]
-(at m/z 79) and a low intensity peak for [guanine] -(at m/z value of 150) ( Figure 2b -and, therefore, more likely to be generated during the CID of deprotonated DNA oligonucleotides [40] .
Experimental results in Figure 2 are further supported by predictions from theoretical calculations (Scheme 1), which suggest that formation of [PO 3 ]
-(m/z 79) and a corresponding neutral base (i.e., adenine or guanine; Scheme Figure 2 ) evidences are in agreement, an in-depth study of reaction kinetics (e.g., activation barrier(s) to formation and depletion of reactants/products, charge affinities, stability of transition species, etc.) would be necessary to draw concrete conclusions. While useful, these types of calculations are outside the scope of the current manuscript, but may be worth exploring in future studies.
The DNA oligonucleotides used in this study do not contain any non-natural bases or modified groups. Therefore, presence of peaks corresponding to [phosphoadenine] -(m/z 214) and [phosphoguanine] -(m/z 230), in Figures 1 and 2 , indicates the existence of reaction channels involving intramolecular rearrangements. In other words, based on the high mass measurement accuracy (or MME < 6. -at m/z 810) denote a-B type fragment ions, which were generated from a precursor w type ion 214.0125 and 230.0074, respectively) can be assigned to negatively charged [phosphoadenine] -and [phosphoguanine] -(i.e., exclusively as rearranged fragment ions). Presence of such rearranged phosphopurine fragment ions may be more prevalent than previously believed. For example, Schulten et al., observed analogous Bphosphorous acid + nucleobase^ions in a positive-ion mode pyrolysis field desorption (Py-FD)-MS study [41] . In their discussion, Schulten et al. confer that they could not determine how Bphosphorous acid + nucleobase^ions were generated, but assumed that it was due to pyrolysis of starting materials [41] . In the present study, however, negative ions were generated via CID of ESI-generated species; hence, no pyrolysis products were formed. -(m/z 230) species ( z-fragment ions where n ≥ 2, the negative charge(s) can be distributed to multiple sites in the oligonucleotide, thereby decreasing the chance of a negative charge being at the 5′ terminal phosphate group. The [w 1 ]
-fragment ion, however, has only one phosphate group that can be deprotonated. Thus, according to previously reported findings [40, 42] , charge localization to the 5′ terminal phosphate group could increase the proton affinity of the neighboring adenine and direct fragmentation through loss of adenine, rather than generation of [phosphoadenine] -.
To study the conformation(s) of rearranged [phosphopurines]
-and check the possibility of the phosphoruscontaining group being attached to multiple purine ring positions (i.e., structural isomers), we acquired ion mobility spectra of -to have multiple isomers or structures that require higher mobility resolving powers for their successful separation. Hence, under our current experimental conditions, the IM-MS results (Figure 3 ) suggest that the phosphorus-containing group is attached to purine bases at only one position.
In addition to experiments in the Synapt G2-S HDMS system (i.e., Figures 1, 2, and 3 -fragment ion rearrangement pathway can be accessed in different MS system types and collisional activation regimes. For example, the CID results in Figures  1, 2 , and 3 and Supplementary Figure S1 were collected on instruments where collision energy was applied through a voltage potential difference between two electrodes [25, 45] . In this type of nonselective collision regime, product fragment ions continue to undergo collisional activation and fragmentation. Conversely, in the LTQ Orbitrap (Supplementary Figure S2 ), precursor ions were selectively (i.e., on-resonance) excited and fragmented in the LTQ, which can greatly reduce reactivation (and further fragmentation) of the product fragment ions [29, 46] . Moreover, LTQ Orbitrap results further support the conclusion that the [y 5 -G]
-(m/z 1374) and [y 5 -A] -(m/z 1390) ions in Figure 1 and Supplementary Figure S2 are complementary fragments to [phosphoguanine] -and [phosphoadenine] -, respectively. In other words, these ions might be generated from a common fragmentation pathway (i.e., [
-) rather than from independent losses (e.g., [
. To further investigate the fragmentation mechanism for complementary y-B type ions, we performed MS n experiments in the LTQ Orbitrap. Figure 4a -(m/z 1374 or m/z 1390)→CID to yield the mass spectra in Figure 4 ). Observed fragments, generated from CID of the ions at m/z 1374 (Figure 4a ) and m/z 1390 (Figure 4b) , support the fragment ion assignments for [y 5 -G] -and [y 5 -A] -. Furthermore, none of the product fragment ions generated from CID of isolated [y 5 
-precursors suggest the presence of atomic rearrangements or sequence-scrambling, further supporting the conclusion that macrocyclization may not be involved in product ion formation. 
-generation was not possible because of lack of guanine in the precursor w type fragment ion sequence Beyond confirming the fragment ion identities, the CID mass spectra in Figure 4 can also be probed to determine sites of guanine and adenine losses. - (Figure 4b ). Identities of these two ions suggest that adenine is lost from position three; similarly, this finding alone cannot be used to conclusively establish that adenine is not lost from position five as well.
Our z-(where n = 1-8; z = 1-3) ions (validation set) generated from two DNA oligonucleotides: Oligo-3 (TCG AGG TCG ACG GTA TC) and Oligo-4 (AGA GTT TGA TCC TGG CTC AG). These CID results are summarized in Table 2 -(m/z 1390) generated from Oligo-2 (p-GTA GA) at 30% normalized collision energy. Fragment ions labeled in bold-red font denote peaks that can be used to determine positions of base losses. Peaks marked with an asterisk (*) denote electronic noise 
-generation was not possible because of lack of guanine and/or adenine in the precursor w type fragment ion sequence ions were generated from in-source CID of Oligo-4 and are thus absent in Table 2 .
Results from CID of [w n ] z-(where n = 1-8; z = 1-3) ions from Oligo-3 and Oligo-4 confirm our hypothesis that [phosphopurine] -ions can be generated from oligonucleotides with different sequences. Based on our experimental results, the precursor ions' charge state (where z = 1-3 -suggests that the bicyclic nitrogenous ring structure of purines might be essential for formation of intermediate and/or final product ions and their stability. Based on a valuable reviewer comment, we also checked the mass spectra for possibilities of purine interactions with phosphate groups at internal positions, which would be indicated by presence of y + B type ions; however, under our experimental conditions, these types of ions were not observed. It is possible that steric hindrance from the next sequential deoxyribose group may prevent this type of rearrangement (i.e., the rearrangement must involve a terminal phosphate group). These results confirm our IM and MS n data and are in agreement with the theoretical evidence and allow elucidation of a potential mechanism for formation of [phosphopurine] -ions. Scheme 2 shows a proposed mechanism for generation of z-ions. Please note that the purine base depicted in Scheme 2 could either be guanine or adenine and that nucleobases denoted by a capital BB^could be any nucleobase (i.e., A, G, C, or T). For succinctness, the oligonucleotide structure in Scheme 2 is abbreviated to three nucleotides and we only show the interaction of a purine at nucleobase position two (from the 5′ terminus) with the 5′ phosphate group, although purines at other positions can also follow the same mechanism. The first step in the formation of [phosphopurines] -may proceed via a mechanism similar to one recently proposed by Stucki et al. in a study of homo-DNA oligonucleotides [47] . First, a lone pair of electrons from the ether oxygen (of the deoxyribose sugar) initiates cleavage of the purine base from the sugar backbone and subsequent nucleophilic attack of the 5′ phosphate group to form a phosphoamide tetrahedral transition species (Scheme 2, Step 1). Next, the phosphoamide tetrahedral transition species can rearrange to generate [phosphopurine] -(m/z 214 and 230) (Scheme 2,
Step 2), which may be structurally similar to phosphoimidazole [48] [49] [50] . Finally, neutralization of the oxonium ion may be achieved by β-elimination of a proton from the deoxyribose sugar by one of the adjacent phosphate groups (dashed arrows in Scheme 2,
Step 3), moving the pi electrons back to the valence shell of the ether oxygen and generating complementary y-B type ions (Scheme 2, Step 3).
Conclusion
Our experimental and theoretical results indicate that CID of m/z-isolated 5′ phosphorylated DNA oligonucleotide ions can generate rearranged product ions. Furthermore, CID results suggest that unlike peptide ion rearrangements [18] [19] [20] ,
Step 2
Step 1 -ions also indicates a previously undefined pathway for formation of y-B type fragment ions.
The predictability of [phosphopurine] -formation may be leveraged as an additional probe to determine if an unknown DNA sequence (or fragment ion) contains a 5′ phosphate group, assuming its sequence contains an adenine and/or guanine nucleobase. Moreover, the predictable nature of [phosphopurine] -formation and incorporation of these fragmentation pathways into existing nucleotide sequencing software/algorithms could improve data analysis.
Although the presence of the two reported [phosphopurine]
ions may be inconsequential to sequence analysis of oligonucleotides, their presence in the CID mass spectra of oligonucleotide ions opens up the possibility that other, more consequential, rearrangements or fragmentation pathways may also exist. The current report gives a small snapshot of how oligonucleotide ions rearrange upon CID. Additional systematic studies are necessary to determine the full extent of oligonucleotide ion rearrangements (e.g., from CID of intact, a, b, c, d, w, x, y, and z type ions [3] ) and their effects on sequencing efforts.
